A novel high-accuracy image edge detection algorithm at sub-pixel level based on curve fitting of gauss function is proposed. Firstly, approximate positioning of edge detection is carried out by means of canny operator to find location of edge point at pixel level; Secondly, gauss function is employed as fitting function and least square method is employed as curve fitting method to find location of edge point at sub-pixel level. The experiment results show that the proposed algorithm can position accurate edge at sub-pixel level, and has strong robustness to the noise and shorter running time, and effectively improve the positioning precision of image edge extraction.
Introduction
The edge is an important feature of image and edge detection has important application in many fields such as image segmentation, pattern recognition, machine vision, and so on [1] . Traditional edge detection algorithms include Sobel operator, Robert operator, Laplacian operator, and so on.
These traditional edge detection algorithms analyze gray variation of every image pixel in one area. Traditional edge detection algorithms have simple form and are easy to be conducted. But traditional edge detection algorithms have poor positioning precision at pixel level. With constant improvement to precision requirement in industrial detection and machine vision, traditional edge detection algorithms already can't meet the demand of actual measurement.
Edge detection at sub-pixel level can break through the limitation of CCD camera resolution and makes that image edge positioning can reach sub-pixel level, so detection precision of image can be improved. In this paper, a new edge detection algorithm at sub-pixel level based on curve fitting of gauss function is presented. In proposed algorithm, firstly canny operator is employed to implement edge detection of image at pixel level. Then gauss function is employed to implement curve fitting and edge point can reach sub-pixel level.
Edge Detection Algorithm at Sub-pixel Level
In image, edge is shown as gray mutation. Because of sampling of optics, aberrations of optical system and other reason, the variation of gray value of edge where background becomes object in image is not rapid, but slow. Difference value of image gray on edge point is maximal. In this paper, canny operator is employed to extract edge at pixel level.
Canny Operator to Implement Positioning of Edge at Pixel Level
Canny operator is firstly proposed by John Canny [6] . Canny believes edge detection operator should have three criterions. The first criterion is that edges that occur in the image should not be missed and there are no spurious responses. The second criterion is that the distance between the points marked by the detector and the center of the true edge should be minimized. The third criterion is that the detector has only one response to a single edge.
Implementation procedure of canny operator is introduced as follow.
(1) Two-dimensional gauss function filter is employed to calculate convolution operation with original image to remove noise interference. Two-dimensional gauss function filter is expressed as follows:
(2) Derivative operator is used to calculate partial derivative (G x , G y ) of image gray along two directions. The size and the direction of gradient are deduced, which are expressed as follows:
Nonmaximum suppression is applied to the amplitude of gradient. Nonmaximum suppression is the comparison between gray value of current pixel and gray values of forward and backward two pixels along gradient direction. If gray value of current pixel is not maximal, gray value of this pixel should be set to zero and this pixel is not edge point.
(4) Double thresholds method is employed to detect and link edge. Two thresholds including high threshold and low threshold are employed. All pixels whose gray values are greater than high threshold must be edge points. To one pixel whose gray value are between high threshold and low threshold, if there has one pixel whose gray value is greater than high threshold in adjacent area of the pixel, the pixel should be edge point. Otherwise the pixel is not edge point.
Canny operator has better ability of edge detection and edge positioning, and it has also strong robustness to noise. But canny operator has very big calculation amount and needs very long calculation time. So, canny operator has not the feature of real time.
The Principle of Curve Fitting of Gauss Function
Edge points found by means of canny operator are discrete pixel points. Difference values of adjacent pixels of one edge point are calculated along edge direction. According to central limit theorem, variation of difference value curve of pixels has the feature of gauss function distribution.
Mathematical expression of gauss function is expressed as follows:
In the Eq.4, µ is mean value and σ is standard deviation. To reduce calculation complexity of curve fitting of gauss function, gauss function is simplified into logarithmic form, which is expressed as follows:
Thus Eq.4 is converted into solution process of quadratic algebraic polynomial. Eq.6 is assumed.
So Eq.5 is converted into the form of quadratic algebraic, which is expressed as follows:
Eq.7 has the form of parabolic curve of quadratic algebraic. At vertex of this parabolic curve, the parabolic curve has maximal value. Meanwhile gauss function curve which is shown in Eq.4 has also maximal value. So vertex of parabolic curve is just edge point at sub-pixel level. Least square method is used as curve fitting method. 2-norm is used as metric of overall error, which is expressed as follows:
Because of i i y y − = ' δ , Eq.9 can be deduced. The square of both sides of Eq.9 is done. Thus Eq.10 can be deduced. Eq.7 is set into Eq.10, and Eq.11 can be deduced. , which is expressed as follows:
So Eq.14 can be deduced.
are assumed, and Eq.14 is converted into Eq.15.
Eq.15 is converted into the form of matrix, which is expressed as follows: 
Eq.17 is parabolic curve. At the vertex of parabolic curve, this parabolic curve has maximal value and gauss function curve also has maximal value. So vertex of this parabolic curve just is edge point at sub-pixel level. Abscissa of vertex of this parabolic curve is expressed as follows:
The ordinate of vertex of this parabolic curve is expressed as follows: 
According to Eq.6, Eq.20 can be deduced. 
Experiment Result
To verify precision of proposed algorithm in this paper, two experiments are conducted. In first experiment, computer is employed to generate ideal edge. Because optical system has smooth effect to the image, smoothing filtering method of adjacent area is used to generate standard test image. The definition of signal-ratio ratio of image is expressed as follows [7] .
In Eq.21, λ is gray difference of both sides of edge and N α is standard deviation of noise.
In Tab.1, experiment data of signal-noise ratio of image and standard deviation α are shown. α is standard deviation of error between edge point at sub-pixel level calculated by proposed algorithm and ideal edge point location. If standard deviation becomes smaller, positioning precision of edge point will become higher. From experiment data, it is deduced that if signal-noise ratio increases, positioning precision of edge point of proposed algorithm will increase. In second experiment, running time of proposed algorithm and other algorithms are compared. To a 2592×1944 image, edge points are detected by means of proposed algorithm, edge detection at sub-pixel level based on LOG operator, edge detection at sub-pixel level based on spatial moment. Their running times are shown in Tab.2. From Tab.2, it is deduced that proposed algorithm has shorter running time and higher efficiency in three algorithms. 
Summary
In proposed algorithm in this paper, firstly canny operator is used to implement approximate positioning of edge points. Then, gauss function is used to finish curve fitting to implement accurate positioning of edge points at sub-pixel level. Above theoretical analyses and experiment data shows that proposed edge detection algorithm at sub-pixel level has higher calculation precision, stronger robustness to the noise and faster running speed. So proposed algorithm has value of scientific research and application.
